Abstract: This study proposes an evaluation method for variable generation (VG) acceptability with an adequate level of power system flexibility. In this method, a risk index referred to as the ramping capability shortage expectation (RSE) is used to quantify flexibility. The RSE value of the current power system is selected as the adequate level of flexibility (i.e., RSE criterion). VG acceptability is represented by the VG penetration level for the RSE criterion. The proposed evaluation method was applied to the generation expansion plan in Korea for 2029 in order to examine the validity of the existing plan for VG penetration. Sensitivity analysis was also performed to analyze the effects of changes in system uncertainty on VG acceptability. The results show that the planned VG penetration level for 2029 can improve by approximately 12% while securing flexibility.
Introduction
For the next few decades, the national renewable energy plan of Korea has been outlined in the second basic energy plan (every five years), fourth new and renewable energy basic plan (every five years), and seventh basic plan for long-term electricity supply and demand [1] [2] [3] . These plans indicate that integrating renewable energy is essential to improve energy security and cope with the post-2020 climate change regime. The expansion of photovoltaic (PV) and wind power systems is considered as a core strategy to implement these plans. Their installed capacity is expected to account for approximately 75% of total installed capacity in 2029 [3] . The annual average growth of PV and wind power systems between 2017 and 2029 will be 1012 MW and 528 MW, respectively; these figures correspond to the largest and second largest increase in renewable energy resources.
To cope with the challenges of supplying sustainable energy, renewable energy implementation plans in Korea emphasize variable generation (VG) through PV and wind power systems, although other renewable resources will be included. In the process of introducing VG into the power grid, many studies have demonstrated the lack of flexibility in the operation and planning of the system because unexpected variations in VG would lead to a power mismatch [4] [5] [6] [7] [8] . Flexibility is generally defined as the ability to respond to changes in net load (i.e., load minus VG). Power systems may not support flexibility because of uncertainties such as failure of power plants (FOPP) and load forecast errors [8] . Increasing VG has made it harder to secure flexibility because of increased system uncertainty. Accordingly, the flexibility issue has recently surfaced in the operation and planning of power systems.
The flexibility issue is not limited to Korea. Most system operators and planners have encountered this problem and have made efforts to secure flexibility [9, 10] . Hence, the conventional generator has received attention because it can provide ramping capability, which can be considered as the most
Flexibility Index: Ramping Capability Shortage Expectation
When considering power balance, the concept of flexibility can be incorporated in power system reliability, which addresses the risks faced by power systems. The risk considered is simply a power mismatch due to system uncertainties, such as FOPP and net load forecast error (NLFE), which are sources of risk. In other words, a causal relationship exists between risk and system uncertainty. Increasing the VG of PV and wind power systems can increase risk. Studies conducted to evaluate risk have failed to demonstrate this causal relationship [17] [18] [19] . The RSE index in our study was proposed to overcome this limitation and explicitly evaluate power system flexibility [8] .
RSE Definition
The ramping capability of a generator is defined as the ability to change its output during a specific period. The system ramping capability (SRC) can be computed by adding the ramping capabilities of every generator as follows: SRC t = ∑ i∈I A i,t−∆t O i,t−∆t min(P max,i − P i,t−∆t , rr i ∆t)
In the SRC, the uncertainty of the generator is taken into account using availability A i,t−∆t , which is calculated using the Markov chain-based capacity state model [8] . This value varies with time O i,t−∆t and indicates whether generator i is online at time t − ∆t. If the generator is online, the value is one; otherwise, it is zero. P max,i and P i,t−∆t are the maximum output and scheduled output of generator i, respectively. rr i is the ramp rate of generator i. ∆t is the minimum time interval considered in the ramping capability calculation. The SRC should then be compared with the RC requirement (RCR) in the net load side, which is given as follows:
where NLFE t and FNL t are the net load forecast error and forecast net load at time t, respectively. A i,t−∆t is included in this equation, indicating that RCR t is affected by FOPP. If the loading generator unexpectedly fails, additional ramping capability is required, which is reasonable. If RCR t is not covered by SRC t , then the power is mismatched. This situation can be called a ramping capability shortage if load shedding is required. Therefore, the risk index RSE is defined as the sum of the probabilities, wherein the RCR will not be satisfied by the SRC for the entire period, and is given as follows:
such that:
where C i,t−∆t and E i,t−∆t are the possible uncertainty scenarios set for the FOPP and NLFE at time t − ∆t, respectively. The RSE has the following characteristics: (1) only the up-RC shortage risk (related to increasing net load) is considered so that more critical problems can be incorporated in terms of reliability; and (2) the calculation of the RSE is applied to the worst case of all possible FOPP scenarios. The second characteristic intends to reduce the computational burden in generating scenarios. For more details, refer to [8] .
Comparison of RSE with Reliability Indices
The RSE-based flexibility evaluation is different from conventional evaluations based on reliability indices, such as loss of load probability and loss of load expectation [20, 21] . First, the reliability indices-based evaluation is combined with the solution process of the stochastic UC problem. The indices are included in the objective function of the problem; thus, an independent evaluation is impossible. However, calculation of the RSE is independent from the solution process of the UC problem. Second, in the reliability indices-based evaluation, generating uncertainty scenarios such as FOPP and NLFE, as well as establishing simulation procedures are time-consuming. It is impossible to consider all the possible scenarios for system uncertainty. In most related studies, reduction techniques were used to generate uncertainty scenarios. However, scenarios for system severity were not generated. System severity is defined as the extent to which the system is in danger of losing the power balance. Severity should be considered in the flexibility study because the nature of the risks observed in flexibility and reliability studies are the same. The RSE can take into account severity by selecting the worst case for the FOPP scenario, thereby reducing the computational burden that occurs as the size of the system increases.
Evaluation Procedure of the Variable Generation Acceptability
VG acceptability was evaluated to determine the maximum acceptable level of VG penetration with an adequate level of power system flexibility (i.e., RSE criterion). This evaluation procedure is based on the relationship between VG penetration level and flexibility. The RSE helps quantify the effects of VG penetration level on flexibility. As shown in Equation (4), the terms FNL t , NLFE t , P i,t−∆t , Prob(e), and Prob c are associated with VG penetration level and their changes directly affect the RSE. The RSE may decrease as VG penetration level increases, although the extent to which it decreases depends on the characteristics of the system. If a power system has many fast-ramping units, then the RSE is more likely to decrease gradually compared to a system with many slow-ramping units. However, system uncertainties, such as the failure rate of generators, can affect the RSE, thereby decreasing its value more abruptly.
After obtaining the relationship between the penetration level and RSE, the VG acceptability under the RSE criterion can be easily determined. In this study, the RSE value of the current power system was used as the RSE criterion in order to maintain the same flexibility level as that of the current system. This approach is reliable because the flexibility of the current system is empirically verified. RSE values above the RSE criterion and their corresponding VG penetration levels are feasible. The maximum value among the feasible VG penetration levels indicates the VG acceptability. Sensitivity analysis of the uncertainty parameters is then performed at this value to examine the effects of uncertainty parameters on VG acceptability. Figure 1 shows the flexibility-based evaluation procedure. The basic information for calculating the RSE includes the forecasted net load profile for the worst case scenario, VG-related information, load distribution information, VG forecast error, and the technical information of generators. The forecasted net load profile can be obtained by combining the forecasted load profile and VG-related information. The distribution information of the load and VG forecast errors are factored into the uncertainty scenarios for NLFE (i.e., E i,t−∆t in Equation (4)). The technical information of the generators, such as failure rate, repair rate, and maximum generation output, are used to calculate the generator states and their probabilities, which are then used to obtain uncertainty scenarios for FOPP (i.e., C i,t−∆t in Equation (4) The RSE may decrease as VG penetration level increases, although the extent to which it decreases depends on the characteristics of the system. If a power system has many fast-ramping units, then the RSE is more likely to decrease gradually compared to a system with many slow-ramping units. However, system uncertainties, such as the failure rate of generators, can affect the RSE, thereby decreasing its value more abruptly. After obtaining the relationship between the penetration level and RSE, the VG acceptability under the RSE criterion can be easily determined. In this study, the RSE value of the current power system was used as the RSE criterion in order to maintain the same flexibility level as that of the current system. This approach is reliable because the flexibility of the current system is empirically verified. RSE values above the RSE criterion and their corresponding VG penetration levels are feasible. The maximum value among the feasible VG penetration levels indicates the VG acceptability. Sensitivity analysis of the uncertainty parameters is then performed at this value to examine the effects of uncertainty parameters on VG acceptability. Figure 1 shows the flexibility-based evaluation procedure. The basic information for calculating the RSE includes the forecasted net load profile for the worst case scenario, VG-related information, load distribution information, VG forecast error, and the technical information of generators. The forecasted net load profile can be obtained by combining the forecasted load profile and VG-related information. The distribution information of the load and VG forecast errors are factored into the uncertainty scenarios for NLFE (i.e., Ei,t−Δt in Equation (4)). The technical information of the generators, such as failure rate, repair rate, and maximum generation output, are used to calculate the generator states and their probabilities, which are then used to obtain uncertainty scenarios for FOPP (i.e., Ci,t−Δt in Equation (4)). 
Case Study
The main objective of our simulation is not only to evaluate the maximum acceptable level of VG penetration in Korea for 2029 but also to examine the influence of uncertainty parameters on power system flexibility. The year of interest is 2029, which is the last forecasted year in the latest generation expansion plan [3] . In recent years, the annual peak load tends to occur in the winter season (i.e., December to February) in Korea. This is attributed to the use of equipment with temperature-sensitive loads, such as electric heaters. In addition, 16 December 2016 was chosen as one of the peak days [22] . Figure 2 shows the load profiles of the peak day; the peak load was 75,500 MW at around 10:00 a.m.
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The main objective of our simulation is not only to evaluate the maximum acceptable level of VG penetration in Korea for 2029 but also to examine the influence of uncertainty parameters on power system flexibility. The year of interest is 2029, which is the last forecasted year in the latest generation expansion plan [3] . In recent years, the annual peak load tends to occur in the winter season (i.e., December to February) in Korea. This is attributed to the use of equipment with temperature-sensitive loads, such as electric heaters. In addition, 16 December 2016 was chosen as one of the peak days [22] . Figure 2 shows the load profiles of the peak day; the peak load was 75,500 MW at around 10:00 a.m. The generators in Korea can be classified into dispatchable and non-dispatchable units. The power system operator has no control over non-dispatchable units, which include not only VG systems but also non-VG systems such as units with power below 20 MW, units owned by community energy service providers [23] , and new-energy units (i.e., units using energy converted from fossil fuels or obtained through the chemical reaction between oxygen and hydrogen-for example, fuel cells, integrated gasification combined cycle, hydrogen energy, etc.). We assumed that on the peak day in 2029, the output patterns of VG and non-VG systems are the same as that in 2016. However, to represent the changes in VG penetration level, the proportions of the PV and wind power systems were adjusted to their expected generation capacity in 2029. This assumption is based on the fact that the number of PV and wind power systems will proportionally increase from their current installation rates by region, which may be significant because of the smoothing effect. This means that fluctuations in total VG outputs are smoothened by the correlations between the VG outputs of each region [24] . Figure 3 shows the profiles of VG and non-VG outputs. The increase in VG output during hours 8-13 is because of PV power. With exception of PV power, most of the power of VG comes from wind systems. However, the output is flattened by the smoothing effect. Figure 4 shows the net load profiles. By employing an upscaling technique, the net load profile of the peak day in 2029 can be represented, with a peak load of 101,154 MW that occurs during hour 18. The generators in Korea can be classified into dispatchable and non-dispatchable units. The power system operator has no control over non-dispatchable units, which include not only VG systems but also non-VG systems such as units with power below 20 MW, units owned by community energy service providers [23] , and new-energy units (i.e., units using energy converted from fossil fuels or obtained through the chemical reaction between oxygen and hydrogen-for example, fuel cells, integrated gasification combined cycle, hydrogen energy, etc.). We assumed that on the peak day in 2029, the output patterns of VG and non-VG systems are the same as that in 2016. However, to represent the changes in VG penetration level, the proportions of the PV and wind power systems were adjusted to their expected generation capacity in 2029. This assumption is based on the fact that the number of PV and wind power systems will proportionally increase from their current installation rates by region, which may be significant because of the smoothing effect. This means that fluctuations in total VG outputs are smoothened by the correlations between the VG outputs of each region [24] . Figure 3 shows the profiles of VG and non-VG outputs. The increase in VG output during hours 8-13 is because of PV power. With exception of PV power, most of the power of VG comes from wind systems. However, the output is flattened by the smoothing effect. Figure 4 shows the net load profiles. By employing an upscaling technique, the net load profile of the peak day in 2029 can be represented, with a peak load of 101,154 MW that occurs during hour 18. On the peak day in 2016, the number of available generators was 202, excluding non-dispatchable units, units scheduled for maintenance, and failed units; the available capacity was 87,183 MW. The dispatchable units can be categorized into several types: combined-cycle (using both gas and steam turbines) fossil-fuel units, steam turbine fossil-fuel units, cogeneration units, hydraulic/pumped hydraulic units, and nuclear power units. In 2016, the ratios of non-available units to total units, with respect to the aforementioned types, were 1.3%, 10%, 4.8%, 45.5% and 21.7%, respectively. The same ratios were applied to each type of generator in 2029. Accordingly, the number of available dispatchable units is 296, with available capacity of 116,712 MW (as of 16 December 2029). Information on the type and size of generators in 2029 is listed in [3] . Technical information on newly installed generators from 2017 to 2029 is assumed to be the same as that of the latest generators (see Appendix A for the details of newly installed generators). Information on failure and repair rates can be seen in [25] . The NLFE is assumed to have a normal distribution with a standard deviation of 5%.
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Conclusions
This study proposed a flexibility-based evaluation method for VG acceptability. We explicitly quantified power system flexibility using a risk index called the RSE. In this method, the RSE of the current power system was used as the acceptable level of flexibility (i.e., RSE criterion). The VG acceptability of the generation expansion plan in Korea for 2029 was evaluated using the proposed method. The results show that the VG penetration level could improve by approximately 12% compared to the planned VG penetration level. The results of sensitivity analysis also show the extent to which system uncertainty affected VG acceptability. As part of future work, it would be interesting to investigate the impact of flexible demand-side resources on the RSE. We also plan to examine the time complementarity between VG resources. 
